A novel hydraulic brake pressure control (BPC) valve for the railway rolling stock was proposed in the part I of this study. As a second report, this paper is concerned with the dynamic analysis and the performance evaluation of the hydraulic brake system using the BPC valve. In order to analyze the behavior of the BPC valve, a simplified transfer function and a nonlinear model of the valve are derived respectively. By use of simple linear model, it is achieved to determine the initial values of essential parameter simply. In addition, it is also achieved to investigate overall dynamic performance of brake system and to evaluate the effect of design parameters through the numerical analysis using detailed nonlinear model. The validity of mathematical models is confirmed by experiments. Finally, the performance of the hydraulic brake system using newly manufactured BPC valve is confirmed with an actual braking device of the E2 series Shinkansen railway.
Introduction
Almost every friction brake for the railways is composed of pneumatic system based on the technology of Westinghouse (1) . This brake system can provide both sufficient braking force and highly safe performance with many efficient fail-safe features. However, the system is still very large, hard to maintain, and its performance is limited by the compressibility of air. In the meantime, as the speed of railways increases, the need for highly responsive braking system has recently increased in order to control the slip rate between wheel and rail (2) , (3) . Accordingly, based on the advantages of hydraulic system such as high power and high power density, the use of a hydraulic brake system is proposed by some researchers (4) , (5) . However, hydraulic brake system was not taken up as a practical railway brake system because of the inherent internal leakage characteristic of brake pressure control valve. Against with this problem, a novel poppet-type brake pressure control (BPC) valve and the concept of a brake-bywire hydraulic system were proposed in the Part I of this study (6) . Since the static behavior and the features of the BPC valve have been established in Part I, a focus is given on the dynamic analysis of BPC valve to understand its performance, and to optimize the design in the second part of this study.
In the process of designing a brake system using poppet-type BPC valve, it is necessary to achieve good response performance and high stability. In order to achieve these demands, it is essential to carry out a detailed analysis to determine the optimum parameters for poppet elements because the stability of the brake system is mainly dependent upon that of poppet elements. Accordingly, the design is aimed at providing stable and fast dynamic for poppet elements despite the existence of possible distur-bances. However, in spite of a simple structure of BPC valve, the nonlinear characteristics of poppet-type valve causes difficulties in the mathematical analysis.
In this study, two kinds of mathematical models such as simple linear model and detailed nonlinear model are derived in the design process. By use of simple linear model, it is achieved to determine the initial values of essential parameter simply. In addition, it is also achieved to investigate overall dynamic performance of brake system and to evaluate the effect of design parameters through the numerical analysis using detailed nonlinear model. The validity of mathematical models is confirmed by experiments. Finally, the performance of the hydraulic brake system using newly manufactured BPC valve is confirmed with an actual braking device of the E2 series Shinkansen railway.
The rest of this paper is organized as follows. In section 2, a simplified mathematical model for the hydraulic brake system using BPC valve is presented and transfer functions are determined. Also, nonlinear model for numerical analysis is derived. In section 3, essential parameters of the BPC valve are estimated by use of linear model. Furthermore, experimental tests are performed to investigate the effects of restrictor in the hydraulic circuit and then numerical analysis is performed to examine the behavior of entire brake system as a function of the design parameters. In section 4, the transient response and the stability of the brake system are examined experimentally by use of a newly manufactured BPC valve, and the performance of the brake system is tested with an actual calliper brake device of the E2 series Shinkansen railway. Finally, concluding remarks are presented in section 5. 
Mathematical Model
In order to determine the dynamic characteristic and stability of the BPC valve and the brake system, the effects of essential design parameters are investigated by use of a mathematical model in this section. The mathematical model of BPC valve is very complicated and divided into two set for the valve A and B. For the simplicity of analysis, the equations for the flow and the force are linearized and the dynamics for the two poppets are combined together to obtain a simple linear model. Finally, simplified transfer functions of the system are obtained. Moreover, nonlinear numerical model is derived to analyze the dynamic behavior of entire brake system. Figure 1 shows a schematic diagram of the brake control system using the BPC valve. In this system, the hydraulic power source supplies flow q A and pressure p s to the BPC valve. The BPC valve controls a brake pressure p bc in the brake cylinder, where the pressure is set by the displacement x of the control rod. In other words, if the Fig. 1 Hydraulic brake system using BPC valve control rod is pushed to the right, this tends to increase the closing force of poppet valve B, and to decrease the closing force of poppet valve A. Thus, valve A opens to permit flow to increase the output pressure. Because the closing force of valve A is also proportional to the output pressure, valve A gradually closes while the pressure is increasing. It returns to the closed position when the output pressure is close to the setting pressure. In the same way, the output pressure can be decreased through valve B when it is greater than the set pressure.
1 Fundamental equations
The system is modeled with the following conditions: 1 ) There is no leakage through the poppet valves.
2 ) The initial conditions of the system are:
3 ) The return pressure p t and the supply pressure p s are constant at 0 and 12 MPa respectively.
4 ) The damping resistance of the poppet can be expressed by the viscous damping coefficient b p .
5 ) The main parameters (m, b p , k s ) of the two poppet valves are identical.
6 ) The volume of the control chamber in the brake cylinder is constant.
7 ) The discharge coefficient of the flow is constant. 8 ) Periodic motion, resonance, and other phenomena in hydraulic circuit are ignored.
The dynamic behavior of poppet in valve A and valve B can be modeled as standard spring-mass-damper systems and dynamic equations are given by
where the cross-section area of the poppet seat is
Here, the fluid force due to the flow (hereafter called flow force) F f A and F f B on the poppet are given by applying the momentum equations of mass, which can be estimated by
where the first and second term on the right-hand side correspond respectively to the steady-state and transient flow force.
The dynamics of the output pressure in the brake chamber V bc can be modeled from the continuity equation for compressible flow, which can be written as:
where the flow rates q A and q B related to the pressure-drop across each poppet valve are given by
Note that the diameter of the poppet seat d v is substantially greater than the displacement of the poppet (
in this model. The maximum displacement x vm is designed so that the flow passage area at full-opening is smaller than the cross-section area of the seat. Thus, boundary conditions of the displacement of the two poppets are 0 ≤ x A ≤ x vm and 0 ≤ x B ≤ x vm .
2 Linearizations
In the linearization, both valves are considered to be closed in the steady state. By applying Taylor series around the operating point at x *
, and neglecting the high order terms, the flow equations in Eqs. (6) and (7) can be approximated as
In the same way, the flow force on valve A and B in Eqs. (3) and (4) can be approximated as
In the above formulation of the flow forces, Eqs. (10) and (11), where high order terms are neglected, the steady flow force and the unsteady flow force are represented as a spring force and a damping force respectively, which work to stabilize the poppet.
The initial compressed lengths of the springs in valve A and B are approximated by x 0A = p s A s /k s and x 0B = 0, when the dead band in the output pressure is sufficiently small. Hence, the dynamic equations for the poppet in Eqs. (1) and (2) can be written as
where the equivalent spring constant k and the equivalent damping coefficient b are given by
From Eq. (8) to Eq. (13), it is found that the number of variables and some boundary conditions can be reduced if equations of valve A and valve B are combined together. For this purpose, a combined displacement of the poppet x AB and a combined flow through the poppet valves q AB are defined as follows.
In these definitions, it is assume that the error between the output pressure and the setting pressure is a monotonically decreasing function of time, when valve A and valve B do not open at the same time. This means that when displacement x AB is positive only valve A opens to permit flow q A to increase the pressure, and when displacement x AB is negative only valve B opens to permit flow q B to reduce the pressure.
Applying the above definitions to Eq. (5) to Eq. (13), the combined dynamic model can be written as follows.
where the boundary condition of the combined displacement of poppet is −x vm ≤ x AB ≤ x vm .
3 Transfer functions
By virtue of Eqs. (18) -(20), the resultant block diagram of the mathematical model can be reduced to a single-loop as shown in Fig. 2 . The inputp bc is considered as the setting pressure, which can be calculated bỹ p bc = (k s /A s )x. To avoid saturation of poppet displacement, the displacement x AB is designed to be smaller than the limit value x vm . Hence, the transfer function between the setting pressurep bc and the output pressure p bc can be given by
and the transfer function between the setting pressure and the displacement of poppet x AB is given by
where
V bc Since the stable condition of transfer function (21) and (22) is (bk/m) > G 1 , it is necessary to select related parameters to satisfy this condition.
4 Nonlinear model for numerical analysis
The schematic diagram for the numerical analysis of the entire brake system is shown in Fig. 3 . The restrictors in the hydraulic circuit are considered as orifices in this model. Since the lengths l 1 , l 2 , l 3 are short, the effect of these pipes is considered as a lumped parameter system with a steady laminar flow. Hence, the motion of hydraulic fluid in these pipes can be simply formulated aṡ
where the coefficient R l j = 8πν/A l j , and the pressure drop ∆p l j for each j = 1,2,3 are p s − p 0A , p 4B − p t , and p 4A − p bc , respectively. Note that the first and second terms on the right-hand side of Eq. (23) correspond to the inertia of fluid and the steady laminar flow resistance, respectively. As in Eqs. (6) and (7), when the flow passage areas A vA and A vB are defined as functions of x A and x B , the flows through valve A and valve B are given by
As in Eqs. (24) and (25), other flows in Fig. 3 can be given by using constant flow passage areas. Similarly, the dynamics of the poppets and the change of pressure in each chamber can be provided in the same way as in Eqs. (1), (2) and (5), respectively.
Design Parameter Determination and Its Evaluation
Based on the mathematical model in section 2, essential parameters are determined and its evaluation is carried (22), it can be known that the final value of the output pressure p bc comes to bep bc and the final value of the poppet displacement x AB becomes 0 in response to the step input. Moreover, transfer functions shown in Eqs. (21) and (22) also show that the stability and the response characteristic of the output pressure depend on the gain G 1 . If this gain is designed larger, the response speed of output pressure becomes fast, but the stability deteriorates according to the increase in gain G 1 . In particular, in respect to the poppet valve which is supported by spring, there is some possibility of being unstable (7) - (9) . Accordingly, in order to design the BPC valve stable, care must be given for the determination of parameters (V bc , d v , φ v ) which is related to the gain G 1 . Since the effect of φ v is small compare with other parameters, detailed examinations on V bc , d v are followed after determining necessary parameters.
The dynamic behavior in the overall range can be determined by Eqs. (21) and (22). In the actual design, poles of the transfer function were adjusted by trial and error method until the desired specifications were satisfied. Figure 4 shows the simulation results of the output pressure and the displacement of the poppet according to a step change in input pressure. The settling time of the output pressure is set at about 0.05 s (which is 10 times faster than the response of a conventional pneumatic brake system), and the maximum displacement of the poppet is designed to be less than 1 mm. This can be satisfied when the poles of both transfer functions are assigned at the values of −80, −440, −440. Accordingly, essential design parameters are determined based on these transfer function. Table 1 shows determined design parameters of BPC valve.
First of all, in order to investigate the effects of changes in braking chamber V bc , the sensitivity of transfer functions T p and T x according to the change of V bc are considered. One of the typical methods to quantify the sensitivity is to take limit value against the ratio between relative perturbation of concerned parameter (i.e. ∆V bc /V bc ) and the relative perturbation of the transfer function (i.e. ∆T/T ). Namely, the function S is sensitivity Table 1 Determined design parameters of the BPC valve 
respectively. Figure 5 shows bode-diagrams of Eqs. (26) and (27). The parameters of Table 1 are used in this calculation. This results show that T x is sensitive to the change of V bc at a frequency less than 10 rad/s, whereas the sensitivity of T p is very low. This means that the poppets can respond to regulate the output pressure well in this region.
In the meantime, as shown in Fig. 6 , it is desirable to implement restrictors in the hydraulic circuit to repress an occurrence of pressure fluctuation and unstable operation. Namely, restrictors (1), (2) are used as damping orifices, restrictors (4), (5) are inserted both side of the output port in order to reduce the effects of surge and pulsating pressure. Restrictors (3), (6) are inserted to reduce fluctuation of supply side and to investigate effects of resistance at drain port. Accordingly, optimum values and effects of these restrictors are investigated through the use of nonlinear mathematical model given in section 2.4. In the analysis, the restrictors in the hydraulic circuit are considered as orifices. Based on the parameters given in Table 1 , simulation results upon orifice values are shown in Fig. 7 with dotted line. Figure 7 (a) shows the response when the size of orifices (1) and (2) is varied. The results show that the response of the output pressure is slow when these orifices are small. Figure 7 (b) and (c) show the results obtained when the size of orifices (3) and (4) are varied. The larger the orifices, the faster the response of the output pressure. Figure 7 (d) shows the results obtained when the size of orifice (5) is varied. The poppet oscillates when a large orifice is used, whereas the response of the output pressure becomes slow if this orifice is too small. (1) and (2) (b) Orifice (3) (c) Orifice (4) (d) Orifice (5) (e) Orifice (6) Fig. 7 Effects of orifices shows the results obtained when the size of orifice (6) is varied. The output pressure decreases very slowly when the orifice is small. From this result, it can be known that it is undesirable to accommodate any resistance in this part. In view of above simulation results, it became obvious that appropriate adjustment of orifice (1) to (5) can cause performance improvement of brake pressure control. In particular, orifice (5) has the largest effect on the stability among the 6 orifices. Based on the these simulation results, the each orifice values for (1) to (6) can be determined such as 1.77 mm 2 , 1.77 mm 2 , 7.07 mm 2 , 7.07 mm 2 , 3.14 mm 2 , 12.57 mm 2 , respectively. Secondly, based on the parameters given in Table 1 and determined each orifice values, it is necessary to evaluate the validity of the determined value for the diameter of the seat d v . Figure 8 shows the simulation results for the step response of pressure where the diameter of the seat d v is 2, 4, and 6 mm. The results in Fig. 8 (a) show that an oscillation occurs if d v is too large, whereas the response of the output pressure come to be slow when d v is too small. Also, it is possible to examine the movement of poppets by numerical analysis, which is very difficult to obtain by the experiment. Figure 8 Finally, above simulation results on implementation of various orifices are confirmed by experiment. In the actual design of the brake system, 6 variable orifices are implemented at the circuit shown in Fig. 6 . As shown in Fig. 7 with solid line, the whole tendencies of simulation results and experimental results are same though some differences exist. These differences are caused by inadequate adjustment of variable orifices because those are adjusted manually. In addition, the other reason for this is that an ideal constant discharge coefficient is used in the simulation, even though the practical discharge coefficient is different in accordance with the orifice area. In particular, it is also found in this experiment that if the spring constant of the spring in the poppet valve is comparatively large, the output pressure is quite stable and spring constant approximately 85 N/mm is sufficient for stable poppet behavior.
Therefore, from the above investigation on design parameters, ultimate design parameters are finally determined as follows. d v = 4 mm, k s = 85 N/mm, φ v = 0.17 rad, and the flow passage areas of orifices (1) to (6) 
Performance Evaluation
In this section, experiments are performed to investigate the fundamental characteristics and stability of the hydraulic brake system using the BPC valve, which is newly manufactured based on the above analysis. Then, the performance of the brake system is evaluated with an actual calliper brake device of the E2 series Shinkansen railway and the performance characteristics of proposed hydraulic brake system is compared with the conventional pneumatic brake system.
1 Fundamental characteristics
The fundamental pressure response characteristics of the brake system using the BPC valve are examined with a fixed volume cylinder to eliminate the effect of the initial gap and bending of the actual calliper. The volume of the fixed chamber is 40 cm 3 , same as the volume in the actual calliper brake. Figure 9 shows step responses of the output pressure, where the input signal is stepped up at 1.0 s and stepped down at 2.0 s. From this result, it become clear that the relation between the input displacement of control rod x and output pressure is relatively linear, and the rising time is approximately 0.05 s longer than the design value shown in Fig. 4 due to the effect of variable orifices and air trapped in the oil.
2 Stability versus the disturbance
Since the rotation of the wheel can cause a disturbance on the volume of the brake cylinder in the real application, it is necessary to examine the stability and reliability of brake system using BPC valve. In this experiment, sinusoidal change of the control volume of the brake cylinder is examined. As shown in Fig. 10 , a single-rod cylinder for adding disturbance is connected in series to a double-rod cylinder which is assumed to be the brake cylinder. The displacement of the single-rod cylinder for adding disturbance is controlled by servo valve, and the pressure in the right chamber of the double-rod cylinder is controlled by the BPC valve. The supply pressure to the servo valve is as high as 14 MPa in order to generate enough power against the double-rod cylinder. Figure 11 (a) shows the experimental results when the frequency of the disturbance is 10 Hz. When the diameter of the wheel is 0.87 m, this frequency corresponds to that of the railway speed at 20 km/h. The amplitude of the disturbance is 1 mm, which is noticeably larger than the actual disturbance. The result shows that the output pressure is stable despite the presence of residual fluctuations in the output pressure. When the frequency of the disturbance is low, as shown in Fig. 11 (b) , output pressure follow up the reference pressure well without any pressure fluctuation.
3 Experiments using caliper brake
In general, recent super express electrical railways such as Shinkansen use floating-type caliper brake device as shown in Fig. 12 . Because an actual floating-type caliper brake device has some difference with fixed volume chamber such as initial gap between the brake disc and the brake shoe, bending characteristic of the calliper arm and the friction in the brake cylinder, the performance Fig. 12 Floating-type caliper brake device for Shinkansen railway Fig. 13 Step responses using caliper brake device of the BPC valve is finally evaluated with the floatingtype caliper brake device of E2 series Shinkansen railway. Figure 13 shows the pressure step responses of the actual E2 series Shinkansen brake system. Because of the initial gap (6 mm), the bending of the caliper arm (approximately 1.8 mm at 12 MPa) and the friction in the brake cylinder, a settling time becomes approximately 0.2 s long compared with the result shown in Fig. 9 . Moreover, in case of using poppet-type valve, when the poppet displacement becomes small, the discharge coefficient also decreases (10) . Accordingly, when the setting pressure is low, the response of the output pressure shows a tendency to be slow. However, the response characteristics of hydraulic brake system using the BPC valve are still acceptable and superior to the conventional pneumatic brake system. Figure 14 shows the frequency response of the BPC valve using caliper brake. In this experiment, sinusoidal input with an amplitude 8 MPa (2 -10 MPa) is given, considering the practical driving range of railway brake system. The brake pressure can follow up the setting pressure well near to 1 Hz, while above that value, the output gain decreases and the phase is delayed. The phase delay reaches 90 degrees at about 50 Hz. Figure 15 shows comparison of the response characteristics of the hydraulic brake system using the BPC valve, the hydraulic brake system using High Speed Solenoid Valves (HSSV) and the conventional pneumatic brake system. The response of the hydraulic brake system is much faster than that of the pneumatic brake system. Note that though the on/off control using the HSSV can provide a response similar to that of the system using the BPC valve (5) , considering the internal leakage of the HSSV, it is suggested to use the system using the BPC valve because of the advantages in its fail-safe features.
Conclusions
The dynamic analysis and the performance evaluation of the hydraulic brake system using BPC valve are studied. In order to analyze the behavior of the BPC valve, a simplified transfer function and a nonlinear model of the valve are derived respectively. By use of simple linear model, it is achieved to determine the initial values of essential parameter simply. In addition, it is also achieved to investigate overall dynamic performance of brake system and to evaluate the effect of design parameters through the numerical analysis using detailed nonlinear model. The validity of mathematical models is confirmed by experiments. In addition, the performance of the hydraulic brake system using newly manufactured BPC valve is evaluated with an actual braking device of the E2 series Shinkansen railway.
From the above analysis and experimental results, it can be concluded that the dynamic performance of newly manufactured BPC valve is sufficient as a brake pressure control valve of railway.
